Apoptosis occurs through a tightly regulated cascade of caspase activation. In the context of extrinsic apoptosis, caspase-8 is activated by dimerization inside a death receptor complex, cleaved by auto-proteolysis and subsequently released into the cytosol. This fully processed form of caspase-8 is thought to cleave its substrates BID and caspase-3. To test if the release is required for substrate cleavage, we developed a novel approach based on localization probes to quantitatively characterize the spatial-temporal activity of caspases in living single cells. Our study reveals that caspase-8 is significantly more active at the plasma membrane than within the cytosol upon CD95 activation. This differential activity is controlled by the cleavage of caspase-8 prodomain. As a consequence, targeting of caspase-8 substrates to the plasma membrane can significantly accelerate cell death. Subcellular compartmentalization of caspase-8 activity may serve to restrict enzymatic activity before mitochondrial pathway activation and offers new possibilities to interfere with apoptotic sensitivity of the cells. Apoptosis is coordinated by the activity of initiator and effector caspases.
Apoptosis is coordinated by the activity of initiator and effector caspases. [1] [2] [3] [4] While effector caspases are dimeric zymogens that become activated by cleavage, initiator caspases are normally expressed as monomeric zymogens and their activity is initiated by dimerization in a multimeric complex. 5, 6 The initiator caspase procaspase-8 dimerizes in the death-inducing signaling complex (DISC) formed around activated death receptors. 7 In the context of CD95, the DISC contains clustered receptors bound to the adaptor protein FADD. FADD can recruit several proteins, 8, 9 including procaspase-8 and -10 through their prodomain. In type I cells, active caspase-8/10 directly cleaves and activates effector caspase-3/-7, thus inducing apoptosis. In type II cells, this activation is blocked by XIAP, but cleavage of BID by active caspase-8/10 induces mitochondrial outer membrane permeabilization (MOMP), followed by initiator caspase-9 activation and release of XIAP-inhibitor SMAC, leading to massive caspase-3/7 activity. 10, 11 Biochemical and structural studies showed that dimerization but also cleavage in the catalytic subunit of caspase-8 is required for efficient cleavage of caspase-3 and BID and for apoptosis. [12] [13] [14] Supporting this, the non-cleavable D387A caspase-8 mutant compromises apoptosis in mice. 15 Although caspase-8 dimerization generates some activity, cleavage in the catalytic units likely stabilizes the active form and increases activity. 13, 16 Caspase-8 is also cleaved between the prodomain and the catalytic unit of the enzyme, at D210 and D216, 17, 18 and subsequently released from the DISC. Active caspase-8 can be detected on the plasma membrane, before release, with fluorescent inhibitors. 19 In contrast, by designing a procaspase-8 artificially dimerized on the plasma membrane, Martin et al. 18 suggested that the cytosolic release is necessary to cleave caspase-3 and BID. Other studies proposed that fully processed caspase-8 translocates to the surface of mitochondria to cleave BID. 20, 21 However, released caspase-8 is less active than inside the DISC in vitro, 12 rather suggesting that cytosolic caspase-3 and BID encounter active caspase-8 at the DISC and are cleaved there. Still, the standard model is that the fully processed cytosolic form of caspase-8 cleaves caspase-3 and BID. 22, 23 To resolve these partially contradicting findings, we developed a novel assay that allows to quantitatively and spatially characterize caspase-8 activity in single living cells. We designed probes by fusing fluorescent proteins to localization domains through cleavage sites. Caspase activity is measured by monitoring the fluorescent protein redistribution after cleavage. Here, we show that upon CD95 activation, caspase-8 is mostly active at the plasma membrane and less active inside the cytoplasm. As a consequence, targeting apoptotic proteins to the plasma membrane strongly promotes the apoptotic response. Our results show that in the process of apoptosis, caspase substrate cleavage is in part regulated by the spatially defined enzyme and substrate concentrations.
Results
Development of localization probes to quantitatively characterize the spatio-temporal activity of caspases in living cells. To spatially resolve caspase activity and to compare different substrate specificities within single cells, we developed genetically encoded fluorescent probes targeted to different functionally relevant subcellular compartments. The probes were composed of localization domains fused to fluorescent proteins through cleavable linkers (Figure 1a) . The fluorescent protein, initially trapped by the localization domain, is released upon cleavage, a process that can be visualized and quantified.
Cytokeratin-8, calnexin 24 and MitoNEET 25 were used to target probes to the cytoskeleton, endoplasmic reticulum (ER) and the outer membrane of the mitochondria, respectively, to measure enzymatic activity inside the cytoplasm with no contribution of plasma membrane activity. Nuclear export signal (NES) was used to detect activity in the cytosolic space including the plasma membrane. A myristoylationpalmitoylation (Myr-Palm) domain combined with a spacer made of snap tags (Supplementary Figure 1a) targeted probes to the plasma membrane, which can be cleaved by plasma membrane and soluble cytosolic enzymes. Finally, activity in the nucleus was measured by targeting probes to histones using H2B (Figure 1b) .
Upon cleavage, confirmed by western blot ( Supplementary  Figure 1b) , fluorescent proteins equilibrate by diffusion between the cytosol and the nucleus, on a short and neglectable time scale of B2 min. 26, 27 We monitored this process and compared different probes within the same cell by combining mCherry with mGFP, EYFP or EBFP2 probes using time-lapse confocal microscopy. Exchanging colors gave similar behaviors (Supplementary Figure 2a) and were photostable during the apoptotic process (Supplementary Figures 2b and c) .
Nuclear and cytosolic intensities of cleaved cytoplasmic and nuclear probes, respectively, were measured over time and normalized to allow comparison between probes within one cell and between different cells (see Supplementary Material for the workflow). To statistically analyze the data independently of cell-to-cell variation of time of death, we normalized time to 1 at the formation of apoptotic body for each cell. All control non-cleavable probes remained intact until apoptotic body formation, except the NES probe that started equilibrating 2 min before (Supplementary Figure 2d) . Taken together, these localization domain probes allow a precise measurement of caspase activity in a spatio-temporally resolved manner in living cells.
The NES probe derived from the BID cleavage sequence ELQTDG is mostly cleaved by caspase-8 before apoptotic body formation. In order to characterize the temporal pattern of caspase-8 activity, we first systematically compared the sequence cleavage of different caspase-8 substrates using the NES probe. These sequences were GIETDS for caspase-3, PPVETDS for caspase-8, LLEVDG for cFLIP-L and ELQTDG for BID. To amplify caspase-8 activity and facilitate its visualization, we first coexpressed EYFP and mCherry probes in HeLa cells stably overexpressing CD95 (HeLa-CD95). mCherry was always tagged to ELQTDG as reference. Apoptotic bodies typically formed 40-50 min after addition of LZ-sCD95L. During that period, starting at 10 min, GIETDS, PVETDS, LLEVDG and ELQTDG probes were gradually and similarly cleaved (Figures 2a-e) . We therefore focused on one cleavage sequence for the rest of the study, namely ELQTDG for BID.
To determine the contribution of caspase-8 and downstream caspases on ELQTDG cleavage, we measured effector caspase activity using an NES probe containing DEVDR, which can be cleaved by caspase-3, less efficiently by caspase-7 and very weakly by caspase-8. 28, 29 As already observed in type II cells, 28 caspase-3 activity was significantly delayed compared with caspase-8, appearing shortly before cell death (Figures 2f and g ). Caspase-3 is therefore not expected to cleave ELQTDG probes in the early phase of caspase-8 activity. To further exclude NES-ELQTDG probe cleavage by downstream caspases, we inhibited caspase-3/7/ 9 activity by overexpressing mCherry-XIAP. This overexpression blocked apoptosis (Figure 2h ) and strongly reduced NES-DEVDR-EYFP cleavage (Figure 2i ). In contrast, NES-ELQTDG-EBFP2 was cleaved at the same rate as in control cells in the time interval where those cells were alive (Figure 2j ). This shows that, at least until apoptotic body formation, NES-ELQTDG cleavage essentially represents caspase-8 activity.
Caspase-8 probes are most efficiently cleaved at the plasma membrane upon CD95 activation. Full processing of caspase-8, including release from the DISC, is generally thought to be necessary to cleave caspase-3 and BID. 18 In this case, the different localization probes would all be cleaved at the same rate. In contrast, if caspase-8 can cleave its substrates from the plasma membrane, already after cleavage in the catalytic domain, we expect NES and MyrPalm probes to be cleaved more efficiently than probes that cannot access the plasma membrane. To discriminate between these hypotheses, we compared the cleavage of ELQTDG probes fused to EYFP or mGFP and targeted to different intracellular compartments, using NES-ELQTDGmCherry as a reference (Figure 3) . Strikingly, we observed that cytoplasmic probes that cannot access the plasma membrane, targeted to cytokeratin filaments and to the ER and mitochondria surfaces, were equally inefficiently cleaved compared with NES-ELQTDG-mCherry (Figures 3a-d) . In contrast, the caspase-3-specific cleavage site DEVDR showed similar cleavage efficiency for all probes (Supplementary Figure 2e) , excluding a hindrance of the cleavage linker. In HeLa cells overexpressing mCherry-XIAP, we observed that the ER probe was cleaved at a lower rate than the NES probe and with a delay roughly coinciding with the time of apoptotic body formation of control cells ( Figure 3e ). However, as NES-DEVDR was also partially cleaved during this late phase (Figure 2i ), we cannot exclude the involvement of downstream caspases during this period.
The cleavage of the nuclear probe showed that caspase-8 nuclear activity occurs only after the formation of apoptotic bodies ( Figure 3f ). In contrast, we observed a strong activity at the plasma membrane, leading to a complete Myr-Palmsnap3-ELQTDG probe cleavage much before apoptotic body formation ( Figure 3g ). As the soluble NES probe is cleaved more efficiently than cytoplasmic ones with no access to the plasma membrane, it is very likely cleaved by caspase-8 at the plasma membrane. These observations were confirmed in HeLa with no CD95 overexpression, MCF-10a, T98G, MDA-MB-231 and HT-1080 (Supplementary Figure 3) .
In contrast to CD95, TNFR1 was proposed to induce apoptosis through the recruitment and activation of caspase-8 on endosomes, 30, 31 and alternatively through BID cleavage by cathepsins B and D released from the lysosomes into the cytosol. [30] [31] [32] [33] [34] The first mechanism would favor NES probe cleavage over the other localization probes, including the plasma membrane one, while the second mechanism would induce an equal cleavage of all probes in the cytosol, as observed with caspase-3 (Supplementary Figure 2e) . HeLa cells expressing localization probes and treated with 100 ng ml À 1 TNFa and 5 mg ml À 1 cycloheximide showed apoptotic bodies after 200 þ / À 100 min. While NES-DEVDR was abruptly cleaved just before cell death, NES-ELQTDG was gradually cleaved, with a late onset at around 150 min corresponding to 75% of the time required for apoptotic body formation (Figure 4a ). Strikingly, plasma membrane and ER ELQTDG probes were significantly less efficiently cleaved than NES-ELQTDG (Figures 4b and c) , suggesting the activity from a non-soluble cytoplasmic enzyme, consistent with the model of caspase-8 activation on endosomes. Taken together, these results clearly show that until apoptotic body formation, caspase-8 activity is mostly concentrated at the plasma membrane upon CD95 activation and that it can mostly cleave plasma membrane and soluble cytosolic substrates. In contrast, TNFa seems to generate caspase-8 activity inside the cytoplasm.
Caspase-6 does not significantly contribute to caspase-8 activity before apoptotic body formation. The effector caspase-6 can cleave caspase-8. 35 Although caspase-6 is expected to be cleaved by caspase-3, [36] [37] [38] it may feedback on caspase-8 before MOMP as XIAP does not inhibit it, 39 and as it can activate itself. 40, 41 To investigate if caspase-6 contributes to caspase-8 activity upon CD95 activation, we compared caspase-8 probe cleavage with and without it. Caspase-6 was not detectable in our HeLa cell lines but could be exogenously expressed and cleaved upon CD95 activation (Figures 5a and b) . Apoptotic kinetics was compared by mixing cells overexpressing caspase-6 with NES-DEVDR-EYFP and control cells expressing NES-DEVDR-mCherry. While in HeLa cells, no difference was observed upon CD95 activation (Figure 5c ), in HeLa-CD95, caspase-6 overexpression leads to a slightly faster cell death (Figure 5d) , with a shift of 4 min compared with control. Moreover, when caspase-6 was overexpressed, in HeLa and HeLa-CD95, no significant difference could be observed on the cleavage of NES-, Myr-Palm-snap3-and calnexin-ELQTDG and NES-DEVDR (Figures 5e and f and Supplementary Figures 4a-d) . Therefore, caspase-6 has no effect on caspase-8 before MOMP. Moreover, by western blot, no effect could be observed on the cleavage of BID and PARP at the cell population level (Supplementary Figures 4e  and f) . Caspase-8 is already significantly cleaved when apoptotic bodies form ( Supplementary Figures 4e and f) so the feedback effect may be limited, as already concluded from mathematical modeling of the pathway. 42 Thus, caspase-6 can slightly accelerate CD95-induced apoptosis but does not affect the early phase of caspase-8 activity.
Caspase-8 accumulates in plasma membrane and cytoplasmic dotty structures. Caspase-8 probes are mostly cleaved at the plasma membrane, and inefficiently inside the cytoplasm, including on the surface of mitochondria. However, fully processed caspase-8 was proposed to translocate to the surface of the mitochondria, where it would cleave BID. 20, 21 To test this contradiction, we observed caspase-8-mGFP after CD95 activation in different cell lines. The functionality of the fusion was confirmed by the restoration of apoptosis sensitivity in HeLa cells, where endogenous caspase-8 was stably knocked-down and caspase-8-mGFP was expressed (Supplementary Figures 5a-c) . In this cell line (HeLacas8GFP), the dim and diffuse pattern of caspase-8-mGFP progressively changed to a bright dotty pattern after induction (Figure 6a) . Most of the dots could be seen at the periphery of the cells, some of them also appearing inside the cell shortly before apoptotic body formation, potentially correlating with an activity concentrated at the plasma membrane. This observation cannot be generalized as in the neuroblastoma cell line NB7, which lacks endogenous caspase-8, dots of stably expressed caspase-8-mGFP were mostly seen inside the cell after induction (Figure 6b ). As apoptotic body formation occurred with little detectable probe cleavage (Supplementary Figure 5d) , we could not correlate this observation with activity localization.
Caspase-8-mGFP pattern does not coincide with mitochondria, visualized by Mitotracker-red (Supplementary Figure 5e ). In particular, despite the density of the organelle, we could easily find dots outside of the mitochondrial network in HeLa-cas8GFP (Supplementary Figure 5e , white arrows). Moreover, caspase-8-mGFP transiently expressed at very low level in MCF-7 cells also gave a dotty pattern (Supplementary Figure 5f ). As this cell line lacks caspase-3, no signs of apoptosis-like membrane blebbing or cell rounding were observed, despite a strong caspase-8 activity visualized by NES-IETD-mCherry cleavage (Supplementary Figure 5h) . In addition to the dots, we also observed a more diffuse pattern at later time points, which resembles mitochondria in the caspase-8-mGFP images (Supplementary Figure 5f) . But this pattern was also observed in non-transfected cells (Supplementary Figure 5g) , clearly indicating that this signal is actually autofluorescence that appears in the same, low range of intensity as caspase-8-mGFP. Taken together, these data show that caspase-8-mGFP is not significantly recruited to mitochondria upon CD95 induction, but accumulates in plasma membrane and cytosolic structures, in a balance that depends on the cell type. Plasma membrane accumulations can be explained by the fact that caspase-8 accumulates on one FADD at the DISC. 43, 44 Cytosolic accumulations may correspond to endocytosed-activated receptors 45 or to aggregates driven by ubiquitination, as suggested by the study of Jin et al.
46
Cytoplasmic caspase-8 activity correlates with caspase-8 prodomain cleavage. The limited cytoplasmic activity of caspase-8 observed in several cell lines may correlate with the distribution of caspase-8 accumulations on the plasma membrane and in the cytoplasm, or with the release of the catalytic domain of caspase-8 from its prodomain, independently of the distribution. To test this hypothesis, we compared the spatio-temporal activity of wild-type caspase-8 with a D210A-D216A-D223A mutant that cannot be cleaved between the prodomain and the catalytic domain. We stably expressed the mutants in HeLa cells stably knocked-down for endogenous caspase-8 and kept two stable clones (HeLa-cas8GFP-D210/216/223A-1 and -2). HeLa-cas8GFP, HeLa-cas8GFP-D210/216/223A-1 and -2 showed a similar sensitivity to CD95-induced apoptosis, as already observed in other studies.
14 Calnexin-ELQTDGmCherry cleavage was too small before apoptotic body formation to allow a direct comparison between the cell lines (Figures 6c and d) , therefore, we performed this comparison in cells expressing EBFP2-XIAP to block downstream caspase activity. Both Myr-snap3-ELQTDG-mCherry, normalized to 1 when fully cleaved, and NES-ELQTDGmCherry, normalized to the cytosolic signal at time 0, showed a strong cleavage in the three clones (Figures 6e  and f) . In contrast, the amount of calnexin-ELQTDGmCherry, normalized to total intensity at time 0, was strongly reduced in the two clones of HeLa-cas8GFP-D210/216/223A compared with HeLa-cas8GFP (Figure 6g ). This clearly indicates that cytoplasmic caspase-8 activity is driven by the cleavage of the prodomain of the enzyme.
Targeting of caspase-8 substrates to the plasma membrane accelerates apoptosis. With caspase-8 being mostly active at the plasma membrane, the subcellular distribution of its substrates may greatly influence its cleavage efficiency. To test this, we overexpressed BID and caspase-3 at different cellular locations and measured their effect.
MOMP is driven by a threshold mechanism related to the amount of cleaved BID. 47 Therefore, we expected MOMP and cell death to occur faster with BID overexpression, unless it was targeted to a compartment where it is not efficiently cleaved. To test this, we expressed BID fused to mGFP targeted either to the plasma membrane or to the ER surface and measured the time of apoptotic body formation (Figure 7a) . Remarkably, the plasma membrane BID-GFP accelerated cell death compared with the control, while the ER BID-GFP had no effect.
In type II cells, cleaved caspase-3 is normally trapped and kept inactive by XIAP before MOMP. Therefore, one would expect an accelerated apoptosis by caspase-3 overexpression if the cleaved amount of caspase-3 exceeds the amount of XIAP or if caspase-3 cleavage is so efficient that trapping by XIAP is not sufficient to prevent caspase-3 activity. To test the To further characterize the mechanisms of transduction of caspase activity that leads to accelerated apoptosis, we compared caspase-8 and caspase-3 activity, depending on the targeting of overexpressed caspase-3. HeLa-CD95 were co-transfected with NES-ELQTDG-mCherry and NES-DEVDR-GFP, to visualize caspase-8 and -3 activity, respectively, and caspase-3 targeted to the cytoplasm or the plasma membrane (Figures 7c-e) . In all cases, cleavage of the ELQTDG probe was similar. Control cells with no caspase-3 overexpression showed a late and abrupt caspase-3 activity (Figure 7c , see also Figures 2f and g ). In contrast, cytosolic caspase-3 overexpression leads to a gradual and early caspase-3 activity (Figure 7d ), while plasma membrane caspase-3 overexpression leads to a complete change of activity: caspase-3 becomes active as soon as caspase-8 activity appears and its activity is immediately stronger than the one of caspase-8, leading to rapid cell death (Figure 7e ).
Taken together, these results show that both BID and caspase-3 can be cleaved as full-length proteins preferentially at the plasma membrane, like observed for their corresponding cleavage probes. Our experiments also show that the subcellular concentration of capase-8 substrates can strongly influence the cellular sensitivity to apoptosis.
Discussion
In this study, we developed fluorescent probes to spatially and temporally quantify and compare caspase activities in living cells. Existing caspase sensors only partially cover these needs. Fluorescent inhibitors partially block caspase activity and therefore influence quantification. Moreover, they mostly mark caspase-8 accumulations 19 and visualization of diffuse active caspase-8 requires washing of non-bound sensors. FRET probes, 28, 48, 49 which lose their FRET signal after cleavage, allow the measurement of caspase activity in living cells. But measuring different probes at once is difficult because of the spectral requirements, making the comparison between sensors more challenging. The sensors presented here allow this in a straightforward manner within each individual cell: one can compare the efficiency of cleavage of different sequences at different subcellular locations with a sensitivity that is only limited by the sensitivity of the imaging microscope.
Here, the probes were developed to characterize the spatial propagation of caspase-8 activity upon CD95-induction. BID and caspase-3 cleavage are generally thought to require caspase-8 release from the DISC. 18 However, this release induces a loss of activity in vitro. 12 Moreover, some studies in living cells proposed that caspase-8 translocates to the mitochondria, 20, 21 another study proposed that it translocates to p62-dependant aggregates 46 and finally receptor internalization was shown to be required in type I cells. 45 These three processes would result in cytoplasmic activity. Here, we The regulation of caspase-8 activity is particularly important in type II cells, where the mitochondrial pathway is required for cell death: caspase-8 activity initiates the signaling cascade but the cellular decision to die or to survive is determined downstream, notably through the amount of cleaved BID. 47 This model implies that not only caspase-8 activation, but also its termination need to be well controlled. Moreover, in case of survival, cellular damage induced by caspase-8 should be kept minimal. Caspase-8 being active on the plasma . Note the stepwise shift of enzymatic activity of caspase-3 (blue diamond) in comparison to enzymatic activity of caspase-8 (red square), when caspase-3 is targeted to the cytosol (d) and the plasma membrane (e) compared with the control (c). Plots of probe cleavage are as described in Figure 2e , however, not applying time normalization. Scale bar: 10 mm membrane and losing its activity upon DISC release would address both aspects. The weak cytoplasmic activity observed here can be because of a loss of activity after prodomain cleavage, as seen in vitro, 12 or because of a limited release. The enhancement of caspase activity by caspase-8 ubiquitination and translocation to p62 aggregates 46 apparently contradicts such a model and thus requires further investigations in the future. In particular, combining quantification of caspase activity, cleavage efficiency and localization together with mathematical modeling will help to further unravel the mechanisms that regulate caspase-8 activity and termination after induction.
Materials and Methods
Cell culture. HeLa-cas8KD was selected with G418 (Sigma-Aldrich, Taufkirchen, Germany). HeLa-CD95 and NB7 stably expressing caspase-8-mGFP were selected with puromycin (Sigma-Aldrich). NB7 were a kind gift of Jill Lahti, St Jude Children's Hospital, Memphis. HeLa, MCF-7, MDA-MB-231, HT-1080, T98G and NB7 were maintained in Dulbecco modified eagle medium (DMEM, Invitrogen, Darmstadt, Germany) containing 10% fetal calf serum (Biochrom AG, Berlin, Germany), penicillin/streptomycin, 100mg ml À 1 each (Invitrogen). MCF-10A was maintained in DMEM with F12 (Invitrogen), 5% horse serum, 20 ng ml À 1 EGF (TEBU-Bio), 0.5 mg ml À 1 hydrocortisone (Sigma-Aldrich), 10 mg ml À 1 insulin (Sigma-Aldrich) and penicillin/streptomycin, 100 mg ml À 1 each (Invitrogen). For mitochondrial visualization, Mitotracker-red fm (Invitrogen) was preincubated at 50 nM for 30 min.
Soluble trimerized CD95 ligand was obtained by stably expressing LZ-sCD95L in 293T cells after puromycin selection. Induction of apoptosis was achieved by replacing the medium of the HeLa cells by supernatant of the stable 293T cells maintained without puromycin. TNFa was from Invitrogen and cycloheximide from Sigma-Aldrich. Cells were grown on chambered coverglass (Nunc, Langenselbold, Germany), transfected 24 h later using Fugene6 (Roche, Basel, Switzerland) and imaged 48 h after transfection.
DNA constructs. CD95 and caspase-8 were kindly provided by Peter Krammer, DKFZ Heidelberg. Cytokeratin-8 50 was a kind gift from Harald Herrmann, DKFZ Heidelberg, MitoNEET and calnexin were kindly provided by Jack Dixon, UCSD San Diego, and Giulia Baldini UAMS Little Rock. H2B-CFP 51 was a kind gift of Jan Ellenberg, EMBL Heidelberg. mGFP 52 and mCherry 53 were kindly provided by Jennifer Lippincott-Schwartz, NIH Bethesda, and Roger Tsien, UCSD San Diego, respectively. BID and caspase-3 were kindly provided by Abelardo Lopez-Rivas 54 and Martin Sprick, DKFZ Heidelberg. NES was designed with the MNLVDLQKKLEELELDEQQ sequence. Myr-Palm domain was constructed with the MGCIKSKRKDNLNDDE sequence as described in Zocharias et al. 55 The aspartic acid at position 81 of cytokeratin-8, which can be cleaved by caspases, was mutated to an alanine using the QuikChange XL sitedirected mutagenesis kit (Stratagene; Agilent Technologies, Waldbronn, Germany).
Cytokeratin-8 was fused to mGFP on its N-terminal with the linker GVGGSGGXXXXXGGGGRVGGG, XXXXX being the cleavage sequence mentioned in the text. NES and Myr-Palm were fused on their C-terminal end to fluorescent proteins with the linkers TGGXXXXXGGGGG, H2B with PPGSTG GXXXXXGGGGG, calnexin with GISSSSFEFCSRRYRGPGGXXXXXGGGGG and MitoNEET with VPGGGGSGGXXXXXGGGGG. Myr-Palm-(SNAP)n-probes were made by inserting SNAP tags (New England Biolabs, Frankfurt am Main, Germany) between the Myr-Palm and the cleavage site, with the linkers TGGSG and PPGSTGGXXXXXGGGGG. Clonings were performed in the vectors pEGFP N1 and C1 (Takara Bio Europe Clontech, Saint-Germain-en-Laye, France), where EGFP was replaced by mGFP, EYFP, EBFP2 and mCherry, respectively. For controls with NES and Myr-Palm the linker GGPDEVARGGGGG was used.
For Myr-Palm-BID-GFP and calnexin-BID-GFP, the cleavage linker and the fluorescent protein were replaced by BID fused to mGFP. The same was done for Myr-Palm-, calnexin-and Nes-caspase-3 using the full-length caspase-3.
CD95 was cloned in the pIRES-puro2 vector (Takara Bio Europe Clontech). shRNA targeted against the sequence 5 0 -GGTCATGCTCTATCAGATT-3 0 of caspase-8 was cloned in pSilencer3.1-neo (Applied Biosystems; Life Technologies GmbH, Darmstadt, Germany). For caspase-8 expression, the sequence normally targeted by the shRNA was mutated to AGTTATGTTGTACCAAATT, which conserved the amino acid sequence. Caspase-8 fusion to mGFP was made with the linker GGGGGIPVAT and was cloned in the pIRES-puro2 vector (Takara Bio Europe Clontech). Caspase-8 and caspase-8-mGFP were also cloned at the place of the neomycin phosphotransferase gene in pIRES-Neo3, where the EBFP2 gene was cloned in the multiple cloning site. XIAP (Addgene, Cambridge, MA, USA) was fused on its N-terminal part to EBFP2 and mCherry with the linker SGLRSRARIDICGLASGSAT. Caspase-6 (Addgene) was cloned in pIRES-Neo3. LZ-sCD95L 56 was cloned in pIRES-puro2.
Microscopy. Experiments were performed on a Leica SP2 laser scanning confocal microscope (LSCM) (Leica Microsystems CMS GmbH, Mannheim, Germany) using a proprietary macro for auto-focusing and multi-position imaging. The temperature was maintained at 37 1C and media were buffered with 25 mM HEPES. Alternatively, experiments were performed on a Leica SP5 LSCM using the Leica Live Data Mode wizard. In this case, CO2 was maintained at 5%. mCherry was excited with a HeNe laser at 594 nm and detected between 600 and 650 nm, mGFP and EYFP were excited with the 488 and 514 nm lines of an argon laser and detected between 500 and 570 nm, and 520 and 570 nm, respectively. Time-series were acquired in two dimensions with a time step of 1-2 min. They were focused in the middle of the nucleus using an auto-focus on the basis of glass reflection. Pinhole size was set to 1.3 Airy unit to avoid cytoplasmic signal from below and above the nucleus. Cells expressing Myr-Palm probes were often in contact with each other and the quantification of the total intensity of a single cell was not possible in such cases. To do so, neighboring cells were photobleached beforehand.
Western blot. Western blot timeseries were performed by lysing induced cells at different time points using ice-cooled lysis buffer (20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), protease inhibitor cocktail, 1% Triton X-100 (Serva, Mannheim, Germany), and 10% glycerol). Lysates were analyzed using SDS-PAGE gels. The different time points were loaded in a random manner to avoid quantification bias. Proteins were transferred to PVDF membrane (Millipore, Billerica, MA, USA) using wet blotting. The primary antibody against GFP was the mix of clones 7.1 and 13.1 (Roche) and the rabbit anti-BID (#2002), anti-caspase-6 (#9762) and anti-PARP (#9542) antibodies were from Cell Signaling (Danvers, MA, USA). The C15 antibody against caspase-8 was a kind gift of Peter Krammer. Secondary anti-mouse and anti-rabbit antibodies were HRP-conjugated antibodies (Dianova, Hamburg, Germany). Detection was performed using the Pico Chemiluminescent Substrate from Thermo Scientific (Asheville, NC, USA) and a CCD camera.
